Objective: Although hyperphagia and body weight gain are well-recognized consequences of social isolation, the underlying mechanisms are not understood. The aim of this work is to test the possibility that the endogenous cocaine-and amphetamineregulated transcript peptide (CART) may be involved in the process. Design: Socially isolated rats were screened for increase in food intake and body weight, and the modifications of these parameters by CART were evaluated. Furthermore, isolated animals were re-socialized and screened for reversal of these effects. Response of the endogenous CART system, in certain hypothalamic nuclei of the isolated and re-socialized rats, was evaluated with immunohistochemistry. Subjects: Fifty days old naive male Sprague-Dawley rats were used. Measurements: The effects of CART/CART antibody on the social isolation and subsequent re-socialization on feeding and body weight changes were monitored. Moreover, the immunohistochemical response of endogenous CART system to social isolation and re-socialization was analyzed morphometrically. Results: While social isolation of rats for a period of 6 weeks caused progressive increase in food consumption and body weight gain, these rats showed a significant reduction in food intake and body weight when injected daily with CART via intracerebroventricular (i.c.v.) route, for the following 7 days. The re-socialization of isolated rats reduced food intake and body weight to the control levels. These effects of re-socialization were attenuated by immunoneutralization of the endogenous CART by i.c.v. CART antibody. Social isolation also resulted in a drastic reduction in CART immunoreactivity in the cells and/or fibers in the hypothalamic areas like dorsomedial, ventromedial, lateral, paraventricular and arcuate nuclei, recognized for their role in feeding. On the other hand, the CART immunoreactivity profile was fully restored following 7 days of re-socialization of the isolation-reared rats. Conclusion: Social isolation might down-regulate the hypothalamic CART-containing system, which in turn may lead to increase in food intake and body weight.
Introduction
Social isolation or lack of social support is associated with an increased risk of psychiatric illness like atypical depression and is usually accompanied by hyperphagia and body weight gain. 1, 2 Numerous studies have reported an increase in food intake and body weight following social isolation of weaning or adult rodents. [3] [4] [5] [6] [7] [8] [9] On the other hand, re-socialization of isolation-reared rats resulted in the decreased food consumption and body weight. [10] [11] [12] Social isolation is known to induce profound changes in a range of endogenous neurotransmitter systems. Increased serotonin 13 and neuropeptide Y 14 levels and decreased dopamine, noradrenaline, 15 neurosteroids, 16 a-melanocyte-stimulating hormone 17 and cocaine-and amphetamine-regulated transcript peptide (CART) 18 contents were noticed following social isolation. However, the precise neuronal mechanisms that link social isolation with hyperphagia and body weight gain are yet to be understood. While the role of CART as a major hypothalamic anorectic agent is well established, 19, 20 evidences implicating the peptide in affective disorders have been forthcoming. Social isolation resulted in decreased CART immunoreactivity in the hypothalamic arcuate (ARC) and paraventricular nuclei (PVN), Edinger-Westphal neurons and fibers of the central nucleus of amygdala and locus coeruleus, and the changes were correlated to depression. 18 As hyperphagia and body weight gain are known to be the major consequences of depression, 1,2 we wanted to explore the possibility that CART may be involved in the social isolation-induced increase in food intake and body weight. To test the hypothesis, naive male rats were individually housed for 6 weeks, and during this period, they were administered with CART (54-102) and the effects on food intake and body weight were monitored. On the other hand, re-socialization of isolation-reared rats reduced food intake and body weight. [10] [11] [12] The rats during re-socialization were administered with CART antibody with a view to immunoneutralize the endogenous CART, and effects were screened for food intake and body weight. Stress, if any, caused by social isolation or re-socialization of rats was evaluated by measuring the plasma cortisol, a key stress indicator. 21, 22 Furthermore, in the socially isolated and re-socialized rats, the CART system was investigated in the different hypothalamic nuclei like dorsomedial (DMH), ventromedial (VMH), lateral (LH), PVN, ARC and periventricular area (PeA), using immunohistochemistry technique. These neuroanatomical areas were chosen as they show an abundance of CART, 23, 24 and are mainly involved in the regulation of feeding behavior. 25, 26 Materials and methods
Animals
Fifty days old male Sprague-Dawley rats (140-150 g) were used to study the effects of social isolation on feeding and body weight by considering several factors. At about the age of 45-60 days, rats attain sexual maturity, 27 and as reported previously, adolescence is the phase of psychological vulnerability associated with the social isolation. 28, 29 Pubertal hormones and immaturity of the developing adolescent brain, both anatomically and neurochemically, are thought to be the contributing factors. 28, 30 Such condition increases the risk of development of atypical depression that accompanies hyperphagia and weight gain. Experiment 1: measurement of the effect of social isolation on food intake and body weight For group housing, rats (n ¼ 24) were kept in groups of three per cage, and for social isolation, different animals were kept individually (n ¼ 8). Thereafter, the changes in food intake (g per day) and body weight (g) were monitored at weekly intervals for 6 weeks.
Experiment 2: measurement of the effect of re-socialization on food intake and body weight Rats (n ¼ 24) were kept socially isolated for a period of 6 weeks, and then group-housed/re-socialized (three rats per cage) for a period of 7 days, during which food intake and body weight were recorded (g) daily.
Experiment 3: measurement of plasma cortisol in rats subjected to social isolation and re-socialization Blood samples of group-housed (n ¼ 18, three rats per cage), 6 weeks socially isolated (n ¼ 6) and 1 and 7 days re-socialized (n ¼ 18 per group, three rats per cage) rats were collected via the tail vein. The contents of serum cortisol were measured by chemiluminescent magnetic microparticle immunoassay using Abbott Architect analyzer (Abbott Laboratories, IL, USA).
Experiment 4: measurement of the effect of CART or CART antibody on social isolation or re-socialization-induced changes in feeding and body weight Four weeks socially isolated or group-housed rats were divided in different sets, as per the experimental design given in the following protocols (Experiments 4a and b), and subjected to the stereotaxic surgery. A 24-gauge stainless steel guide cannula (C316G/Spc; Plastics One, Roanoke, VA, USA) was implanted into the right lateral ventricle using stereotaxic co-ordinates, À0.8 mm posterior, þ 1.3 mm lateral to midline and 3.5 mm ventral with respect to bregma. 31 The detailed procedure of cannulation and injections has been described earlier. 18, 24 After cannulation, those rats losing 410% of body weight during recovery period of 7 days were discarded. 32, 33 Intracerebroventricular (i.c.v.)
injection (5 ml) of artificial cerebrospinal fluid (aCSF), non-immune serum, CART or CART antibody were given just before lights out, as also practiced by the previous workers. 32, 34 This strategy was adopted as the rats showed peak feeding activity during the dark phase. 35 The dose range of CART, given by i.c.v. route, was adopted from the previous studies, 19, 24 and subeffective and effective doses were determined on the basis of the dose-response studies. CART Social isolation, CART and feeding behavior KT Nakhate et al antibody, at 1:500 dilution, was injected via i.c.v. route. In the earlier studies, CART antibody was administered in the similar dose range for immunoneutralization. 24, 36 Before initiation of treatments, cannulated rats were acclimatized to the testing environment for a period of 7 days to minimize the non-specific stress as described in our previous studies.
32,33
Experiment 4a: measurement of the effect of CART on increased food intake and weight gain in the socially isolated rats Different sets of 6 weeks socially isolated rats (n ¼ 6-8 per group) were injected daily, 10 min before the onset of the dark phase, with aCSF (5 ml per rat, i.c.v.) or CART (0.5 or 1 mg per rat, i.c.v.) for 7 days. In parallel, these treatments were also given to the group-housed rats (n ¼ 6 per group). Immediately after the treatments, pre-weighed food pellets were offered, and food intake and body weight were recorded (g) after an interval of 24 h, just before the next injection time point.
Experiment 4b: measurement of the effect of CART antibody on reduced food intake and body weight in the re-socialized rats These studies were planned as rats showed a significant reduction in food intake following re-socialization for initial 3 days (see Results for details). Following 6 weeks of social isolation (the first day of the seventh week), the rats were treated with non-immune serum (1:500 dilution, 5 ml per rat, i.c.v., n ¼ 15) or CART antibody (1:500 dilution, 5 ml per rat, i.c.v., n ¼ 15) and immediately kept for re-socialization in groups of 3. The treatments were given daily, for a total of 3 days, and food intake and body weight were monitored (g) after an interval of 24 h, just before the next injection time point. At the end of experiments 4a and 4b, placement of the guide cannula in the lateral ventricle was tested. 37, 38 Briefly, dilute India ink (5 ml) was injected by i.c.v. route and the animals were euthanized by an overdose of intraperitoneal thiopentone sodium (65 mg kg -1 ; Abbott Pharmaceuticals, Mumbai, India). The brains were rapidly dissected out, cut in coronal plane to verify the placement of guide cannula and distribution of ink in the ventricle. The data on the animals with incorrect cannula placement were excluded from the study.
Experiment 5: measurement of the effects of social isolation and re-socialization on the hypothalamic CART immunoreactivity The brains of group-housed, socially isolated (6 weeks) and re-socialized (days 1 and 7) animals were processed for the immunohistochemical labeling with CART antibody (n ¼ 6 per group) using streptavidin-biotin-peroxidase method. 24 Briefly, rats were deeply anesthetized with thiopentone sodium (60 mg kg -1 , intraperitoneal), perfused transcardially with heparinized phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were post-fixed in the same fixative, cryoprotected in 30% sucrose solution, embedded and serially sectioned in the coronal plane at 30 mm thickness using a cryostat (Leica CM1850) and collected in PBS. The sections were incubated in mouse monoclonal antibodies against CART (54-102) diluted in PBS (1:5000) containing 2% normal horse serum, 0.3% Triton X-100, 0.2% Kodak PhotoFlo solution and 0.08% sodium azide for 48 h at 4 1C. After rinsing in PBS, sections were incubated in biotinylated anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA; 1:100) for 2 h followed by ExtrAvidin-peroxidase conjugate (Sigma, St Louis, MO, USA; 1:100) for 45 min at room temperature. For visualization of immunoreaction product, the sections were incubated for 3 min in a solution containing 0.03% hydrogen peroxide and 3-amino-9-ethyl-carbazole (Sigma). Reddish-brown precipitate indicated the presence of antigen in the sections. The sections were washed with double distilled water and mounted in glycerol-gelatin.
The monoclonal antibodies against CART (54-102) used in this study were generated by Thim et al., 39 and were found to react equally with CART (54-102), CART (61-102) and CART (62-102) peptides. To ensure reliable comparisons among different groups and maintain stringency in tissue preparation and staining conditions, the brain sections from various groups were processed at the same time under identical conditions. Omission of primary antibody and replacement with bovine serum albumin produced no immunoreaction.
In the preadsorption controls, application of 1 ml diluted antibody pre-incubated with CART at 10 À5 M for 24 h completely blocked the immunoreaction. The area occupied by CART-immunoreactive cells/fibers in the DMH, VMH, LH, PVN, ARC and PeA of group-housed, socially isolated and re-socialized (days 1 and 7) rats was evaluated using microscopic images of the sections. 24 The images (Â480) were captured using Leica Leitz-LaborLux S microscope and analyzed with Leica QWin Standard software (version 3.1.0). Five measurements were taken from predetermined fields for each sub-region on either side from each brain. The data from all the animals in each group were pooled separately for each brain region and the mean ± standard error of mean (s.e.m.) was calculated.
Statistical analyses
The data are presented as mean ± s.e.m. The data obtained from behavioral studies, serum analysis of cortisol and immunohistochemistry were analyzed by one-or two-way analysis of variance (ANOVA), and individual means were compared by post hoc Bonferroni's multiple comparison test. The differences were considered significant at Po0.05.
Results
Effect of social isolation on food intake and body weight Three weeks after social isolation, the rats showed a significant increase (Po0.05) in food intake as compared with that of the group-housed animals (factor 'housing condition' F(1, 98) ¼ 34.01, Po0.0001; factor 'duration in weeks' F(6, 98) ¼ 14.33, Po0.0001 and interaction 'housing Social isolation, CART and feeding behavior KT Nakhate et al condition Â duration in weeks' F(6, 98) ¼ 2.03, Po0.05) (Figure 1a ). At the end of 6 weeks, food intake of socially isolated rats was 17% more than that in the group-housed animals.
The effects of social isolation on feeding were reflected on body weight. A significant increment (Po0.05) in the body weight of socially isolated animals was noticed from 4 weeks onward as compared with that of the group-housed rats (factor 'housing condition' F(1, 98) ¼ 24.78, Po0.0001; factor 'duration in weeks' F(6, 98) ¼ 153.5, Po0.0001 and the interaction 'housing condition Â duration in weeks' F(6, 98) ¼ 2.15, Po0.05) (Figure 1b ). When compared with the group-housed rats, body weight of individually housed animals was 11% more at the end of 6 weeks.
Effect of CART on food intake in the group-housed and socially isolated rats The administration of CART (1 mg per rat per day, i.c.v.) for 7 days caused reduction in food intake of the group-housed (factor 'CART treatment' F(1, 64) ¼ 148, Po0.0001; factor 'duration in days' F(7, 64) ¼ 2.33, P ¼ 0.03 and the interaction 'CART treatment Â duration in days' F(7, 64) ¼ 3.56, P ¼ 0.002) (Figure 2a ) and socially isolated rats (factor 'CART treatment' F(1, 104) ¼ 257.5, Po0.0001; factor 'duration in days' F(7, 104) ¼ 5.05, Po0.0001 and the interaction 'CART treatment Â duration in days' F(7, 104) ¼ 5.19, Po0.0001) (Figure 2c) . A significant effect (Po0.001) was observed from day 1 of the treatment in both the groups. As compared with the respective aCSF-treated rats, CART-injected grouphoused or individually housed animals consumed 22 or 26% less food on the last day of treatment, respectively. CART administration resulted in a significant reduction in food intake of socially isolated rats, and the values were similar to those in the group-housed animals (P40.05).
The injection of CART at the lower dose (0.5 mg per rat per day, i.c.v.) for 7 days did not affect food intake significantly (P40.05) in the group-housed rats (factor 'CART treatment' F(1, 64) ¼ 22.54, Po0.0001; factor 'duration in days' F(7, 64) ¼ 0.64, P ¼ 0.72 and interaction 'CART treatment Â duration in days' F(7, 64) ¼ 0.72, P ¼ 0.65) (Figure 2a) , although it reduced feeding for initial 2 days (Po0.05) in socially isolated animals (factor 'CART treatment' F(1, 96) ¼ 38.36, Po0.0001; factor 'duration in days' F(7, 96) ¼ 1.55, P ¼ 0.15 and interaction 'CART treatment Â duration in days' F(7, 96) ¼ 0.91, P ¼ 0.49) (Figure 2c ).
Effect of CART on body weight in group-housed and socially isolated rats As in the case of feeding, the treatment with CART (1 mg per rat per day, i.c.v.) for 7 days resulted in a decrease in body weight in the group-housed (factor 'CART treatment' F(1, 64) ¼ 44.65, Po0.0001; factor 'duration in days' F(7, 64) ¼ 0.88, P ¼ 0.52 and interaction 'CART treatment Â duration in days' F(7, 64) ¼ 1.34, P ¼ 0.24) (Figure 2b ) and socially isolated rats (factor 'CART treatment' F(1, 104) ¼ 67.81, Po0.0001; factor 'duration in days' F(7, 104) ¼ 11.41, Po0.0001 and interaction 'CART treatment Â duration in days' F(7, 104) ¼ 2.24, P ¼ 0.03) (Figure 2d) . A significant effect (Po0.05) was observed from day 3 onward in both the treatment groups. As compared with the respective aCSF-treated rats, CART-injected, grouphoused or individually housed animals weighed about 7% less on the last day of treatment. Although CART administration significantly reduced the body weight of socially isolated rats, the value did not match that of grouphoused animals (Po0.05).
The injection of CART at lower dose (0.5 mg per rat per day, i.c.v.) for the 7 days did not reduce the body weight significantly (P40.05) in the group-housed (factor 'CART treatment' F(1, 64) ¼ 8.07, P ¼ 0.006; factor 'duration in days' F(7, 64) ¼ 1.69, P ¼ 0.1 and interaction 'CART treatment Â duration in days' F(7, 64) ¼ 0.34, P ¼ 0.9) (Figure 2b ) or socially isolated animals (factor 'CART treatment' F(1, 96) ¼ 7.4, Po0.007; factor 'duration in days' Figure 1 Effect of group housing or social isolation on food intake (a) and body weight gain (b). The rats were either housed in groups of three per cage (group-housed) or kept individually (socially isolated) for a period of 6 weeks. Food intake (g per day) and body weight (g) were recorded weekly. Each line and bar represents mean ± s.e.m. The data were analyzed by two-way ANOVA followed by post hoc Bonferroni's multiple comparison test. *Po0.05, **Po0.01 versus group-housed rats.
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Effect of re-socialization on food intake and body weight Re-socialization of isolation-reared rats resulted in a significant decrease in food intake as compared with that of the socially isolated animals (factor 'housing condition' F(1, 112) ¼ 47.69, Po0.0001; factor 'duration in days' F(7, 112) ¼ 4.53, P ¼ 0.0002 and the interaction 'housing condition Â duration in days' F(7, 112) ¼ 2.65, P ¼ 0.01) for the initial 3 days (Figure 3a) . Maximum reduction (by 31%, Po0.001) was observed on day 1 of re-socialization as compared with that in the corresponding socially isolated rats. The effect of re-socialization on the feeding was reflected on the body weight. A significant reduction (Po0.05) in the body weight of re-socialized animals was noticed from day 2 onward as compared with that of the socially isolated rats (factor 'housing condition' F(1, 112) ¼ 103.8, Po0.0001; factor 'duration in days' F(7, 112) ¼ 2.62, Po0.01 and interaction 'housing condition Â duration in days' F(7, 112) ¼ 3.97, P ¼ 0.0006) (Figure 3b ). After re-socialization, maximum weight reduction (Po0.001) was observed from day 4 onward.
Effect of CART antibody on food intake and body weight in re-socialized rats Re-socialization of the isolation-reared rats significantly suppressed food intake for initial 3 days. The re-socialized rats receiving non-immune serum (1:500 dilution, 5 ml per rat per day, i.c.v.) showed a significant reduction in food intake (Po0.01) as compared with their socially isolated counterparts. However, the administration of CART antibody (1:500 dilution, 5 ml per rat per day, i.c.v.) during this period attenuated the reduced feeding (Po0.05) as compared with that following non-immune serum treatment (F(3, 23) ¼ 7.86, Po0.0001) (Figure 4a ).
The effect of CART antibody on the feeding in re-socialized rats was reflected in the body weight data. A significant weight reduction (Po0.01) was noticed in the re-socialized animals receiving the non-immune serum treatment as compared with their socially isolated counterparts. Administration of the CART antibody prevented the body weight reduction (P40.05) as compared with their non-immune Figure 2 Effect of CART on food intake (a) or (c) and body weight (b) or (d) in group-housed or socially isolated rats. Different sets of group-housed or socially isolated rats were injected daily, at the onset of the dark phase, with aCSF (5 ml per rat, i.c.v.) or CART (0.5 or 1 mg per rat, i.c.v.) for 7 days. Immediately after the treatments, pre-weighed food pellets were offered, and food intake and body weight were recorded (g) after an interval of 24 h, just before the next injection time point. Each line and bar represents mean±s.e.m. The data were analyzed by two-way ANOVA followed by post hoc Bonferroni's multiple comparison test. *Po0.05, **Po0.01, ***Po0.001 versus respective aCSF-treated rats. Social isolation, CART and feeding behavior KT Nakhate et al serum-treated counterparts (F(3, 23) ¼ 21.39, Po0.0001) (Figure 4b ).
Effects of social isolation and re-socialization on plasma cortisol levels Plasma cortisol levels in socially isolated rats (8.05±0.73 ng ml -1 ) were similar to those in group-housed animals (9.38 ± 0.85 ng ml -1 , P40.05). While cortisol levels showed a significant increase in 1 day re-socialized rats by 52% (14.27±0.92 ng ml -1 , Po0.01), the contents following 7 days of re-socialization (10.78 ± 0.91 ng ml -1 ) were similar to that in the group-housed animals (P40.05) (F(3, 23) ¼ 9.78, P ¼ 0.0004).
Effects of social isolation and re-socialization on the hypothalamic CART immunoreactivity The dorsomedial nucleus of hypothalamus. The changes in the immunohistochemical profile of the CART-immunoreactive fibers in the DMH of group-housed control, 6 weeks socially isolated, and 1 and 7 days re-socialized rats are summarized in Figures 5a-d . The morphometric analysis of the CARTimmunoreactive fibers (F(3, 239) ¼ 5.67, Po0.0001) are represented in Figure 6a . A significant reduction in the CART-immunoreactive fibers (by 43%, Po0.05) was observed in the socially isolated rats as compared with that in the group-housed animals. However, re-socialization of the isolation-reared rats caused a highly significant increase (Po0.01) in the CART-immunoreactive fiber population by 92 and 80% on days 1 and 7, respectively, as compared with that in the socially isolated rats.
The ventromedial nucleus of hypothalamus. The changes in the immunohistochemical profile of the CART-immunoreactive fibers in the VMH of group-housed control, 6 weeks Following 6 weeks of social isolation, rats were re-socialized for the period of 7 days. Food intake and body weight were monitored (g) daily. Each line and bar represents mean±s.e.m. The data were analyzed by two-way ANOVA followed by post hoc Bonferroni's multiple comparison test. *Po0.05 and **Po0.01 versus group-housed rats; # Po0.05,
##
Po0.01, ### Po0.001 versus socially isolated rats. Figure 4 Effect of CART antibody on food intake (a) and body weight (b) in re-socialized rats. Six weeks socially isolated rats were administered with nonimmune serum (1:500 dilution, 5 ml per rat, i.c.v.) or CART antibody (1:500 dilution, 5 ml per rat, i.c.v.) at the onset of the dark phase, and immediately kept for re-socialization in groups of 3. The treatments were given daily, for a total of 3 days, and food intake and body weight were monitored (g) after an interval of 24 h, just before the next injection time point. Each column and bar represents mean±s.e.m. The data were analyzed by one-way ANOVA followed by post hoc Bonferroni's multiple comparison test. GH, group-housed; NIS, non-immune serum; SI, socially isolated; CART-ab, CART antibody. *Po0.05, **Po0.001 versus group-housed rats; # Po0.01 versus socially isolated rats.
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KT Nakhate et al socially isolated, and 1 and 7 days re-socialized rats are summarized in Figures 5e-h. The morphometric analyses of the CART-immunoreactive fibers (F(3, 239) ¼ 5.99, Po0.0001) are summarized in Figure 6b . The CART immunoreactivity in the socially isolated rats showed a significant decrease in fibers (by 48%, Po0.01) as compared with that in the group-housed animals. In the re-socialized animals, on days 1 and 7, the CART-immunoreactive fibers showed drastic increase (Po0.01) by 98 and 103%, respectively, as compared with that in the socially isolated rats.
The lateral hypothalamus. The changes in the immunohistochemical profile of the CART-immunoreactive fibers in the LH of group-housed control, 6 weeks socially isolated, and 1 and 7 days re-socialized rats are summarized in Figures 5i-l. The morphometric analysis of CART-immunoreactive fibers (F(3, 239) ¼ 5.57, Po0.001) are represented in Figure 6c . A significant reduction was noticed in the CART immunoreactivity in fibers (by 45%, Po0.05) in socially isolated animals as compared with that in the group-housed rats. The CART-immunoreactive fiber population in the resocialized animals on days 1 and 7 was noticeably increased (Po0.01) by 85 and 97%, respectively, than those in the socially isolated rats. Figure 8a . A significant reduction in the CART-immunoreactive cells (by 55%, Po0.001) and fibers (by 35%, Po0.05) was observed in the socially isolated rats as compared with those in the group-housed animals. However, re-socialization of the isolation-reared rats caused a dramatic increase in the CART immunoreactivity (Po0.001) in the cells on days 1 and 7 by 94 and 131%, respectively, as compared with that in the socially isolated rats. Similarly, following re-socialization, a significant increase in CART immunoreactivity (Po0.001) in the fibers by 75 and 66% was observed on days 1 and 7, respectively, as compared with that in the corresponding socially isolated rats. Figure 5 Photomicrographs showing the CART-immunoreactive fibers (arrowheads) in DMH, VMH and LH of group-housed control (a, e and i, respectively), socially isolated (b, f and j, respectively) and following re-socialization on day 1 (c, g and k, respectively) or day 7 (d, h and l, respectively). Note a significant reduction in the CART-immunoreactive fibers in the DMH, VMH and LH of socially isolated rats. Re-socialization of isolation-reared rats increased immunoreactivity to the control levels in all the regions. 3 V, third ventricle; DMH, dorsomedial nucleus of hypothalamus; F, fornix; LH, lateral hypothalamus; VMH, ventromedial nucleus of hypothalamus. Scale bar ¼ 200 mm in (a) (applies to a-h) and 100 mm in (i) (applies to i-l).
Social isolation, CART and feeding behavior KT Nakhate et al Figure 8b . A significant reduction was noticed in the CART immunoreactivity in the cells (by 52%, Po0.001) of the socially isolated rats, as compared with that of the grouphoused animals. In re-socialized animals, on days 1 and 7, the CART-immunoreactive cells were drastically increased (Po0.001) by 102 and 118%, respectively, as compared with those in the socially isolated rats. However, a significant difference was not observed (P40.05) in CART immunoreactivity in the ARC fibers across all the groups. 
Discussion
The present investigation brings forth the novel attributes of CART in mediating the effects of social isolation, like increase in food intake and body weight. Previous studies reported that, social isolation of the rodents stimulates feeding and produces weight gain. [3] [4] [5] [6] [7] [8] [9] Similarly, in this study, social isolation of rats produced increase in food intake and body weight as compared with the group-housed rats. However, the increase in food intake of socially isolated rats reached statistically significant level by third week, whereas body weight gain showed a significant difference by fourth week. While food intake is an acute physiological process, Figure 6 Representation of the semiquantitative morphometric analysis of the CART immunoreactivity in the fibers in DMH, VMH and LH (a-c, respectively) of group-housed control, socially isolated, day 1 re-socialized and day 7 re-socialized animals. The outlines of the transverse sections through brain indicate the regions of the DMH or LH at the co-ordinates À2.56 mm and VMH at the co-ordinates À2.80 mm with reference to bregma, respectively, according to Paxinos and Watson 31 from which the measurements were collated (square, not to scale). GH, group-housed; SI, socially isolated; 3 V, third ventricle; ARC, arcuate nucleus of hypothalamus; DMH, dorsomedial nucleus of hypothalamus; F, fornix; ir, immunoreactive; LH, lateral hypothalamus; VMH, ventromedial nucleus of hypothalamus. The bar values are shown as the mean±s.e.m. of five measurements from predetermined fields of the DMH, VMH and LH on both the sides of each brain. The data were analyzed by one-way ANOVA followed by post hoc Bonferroni's multiple comparison test. *Po0.05, **Po0.01 versus respective group-housed rats; # Po0.01 versus respective socially isolated rats.
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KT Nakhate et al wherein alterations can be seen in short time frame, body weight gain is a relatively delayed phenomenon. Therefore, increased food consumption in isolated animals might be noticed earlier than body weight gain. Several theories have been proposed to explain the increased food intake and body weight following social isolation. The social isolation of rats in early or adult life produced a chronic psychological stress or depression, 18, [40] [41] [42] and such condition resulted in the increased food consumption and deleterious weight gain. 43, 44 However, in this study, basal plasma cortisol levels, a key stress indicator 21, 22 in the socially isolated rats did not change. This is in agreement with the previous studies. 45, 46 It seems that, social isolation-induced feeding and weight gain may not be directly associated with the psychological stress or depression. Alternatively, lack of mutual hindrance in feeding by socially isolated rat has been suggested as a reason for increase in food intake and body weight. 11 Moreover, in times of abundant food supply, isolated rat tends to overeat to relieve boredom of its situations that resulted in weight gain. 2 Isolated rats showed low levels of physical activity, and ate more than those at moderate levels of activity 1 as also observed in this study. It was also speculated that, increased feeding and reduced energy expenditure might cause weight gain in socially isolated animals. 8, 9 Although several neuroactive substances in the brain like serotonin, dopamine, noradrenaline, neurosteroids, neuropeptide Y and a-melanocyte-stimulating hormone are known to change following social isolation, [13] [14] [15] [16] [17] CART seems to be the first identified agent that reversed social isolationinduced hyperphagia and weight gain. Moreover, CART immunoreactivity in the DMH, VMH, LH, PVN and ARC was greatly reduced following social isolation as compared with the group-housed control rats. Previously also, decrease in CART immunoreactivity was noticed in the PVN and ARC of socially isolated rats. 18 The hypothalamic CART serves as an anorectic signaling molecule. 19, 34 While increased CART expression in the ARC caused reduction in feeding and body weight, 47 CART deficiency led to weight gain. 48 Moreover, Figure 7 Photomicrographs showing the CART-immunoreactive cells (arrows) and fibers (arrowheads) in PVN, ARC and PeA of group-housed control (a, e and i, respectively), socially isolated (b, f and j, respectively) and re-socialized rats following day 1 (c, g and k, respectively) or day 7 (d, h and l, respectively). Note a drastic reduction in the CART-immunoreactivity profile in the PVN and ARC of socially isolated rats. Re-socialization of isolation-reared rats increased immunoreactivity to the control levels in both the nuclei. CART-immunoreactivity profile in the cells and fibers of PeA and in the fibers of ARC did not change significantly across all the groups of animals. 3 V, third ventricle; ARC, arcuate nucleus of hypothalamus; PeA, periventricular nucleus of the hypothalamus; PVN, paraventricular nucleus of hypothalamus. Scale bar ¼ 200 mm in (a) (applies to a-h) and 100 mm in (i) (applies to i-l).
Social isolation, CART and feeding behavior KT Nakhate et al central CART administration seems to reduce the fat depot because it not only stimulated the lipid mobilization from adipose tissues to circulation, 49 but also induced the expression of uncoupling proteins in adipose tissues and skeletal muscles. 50 These effects in turn may cause body weight reduction. Collectively, it seems that, increased feeding and associated weight gain during the social isolation may be an outcome of the reduced CART contents in the appetite-regulating nuclei of the hypothalamus. This might lead to hyper-sensitization of the CART receptors, as CART even at the sub-effective dose produced a significant reduction in food intake in the socially isolated rats for initial 2 days. Moreover, administration of CART, at the effective dose, reduced food intake of socially isolated rats to the level seen in group-housed rats, and also reduced the body weight to some extent. Several studies reported the reversal of symptoms of social isolation following re-socialization of rats. The socially isolated rats showed anxiety, depression and hypoalgesia, which was reversed following re-socialization. 17, 51, 52 In this study, 7 days re-socialization of 6 weeks isolation-reared rats resulted in decline in the feeding and body weight to the control levels. Previous studies reported that the effects of resocialization, like decreased food intake and body weight, were attributed to various factors like housing changeinduced temporary stress, 12 mutual hindrance in feeding, 11 increased bodily activity and energy expenditure. 53, 54 We, therefore, suggest that, re-socialization might reverse the effects of isolation including the chronic psychological stress. The effects of re-socialization were also reflected in the CART immunohistochemistry profile. Reduced CART immunoreactivity following social isolation was restored to the control levels following re-socialization in the hypothalamic DMH, VMH, LH, PVN and ARC. This indicates that, up-regulation of the endogenous CART system following re-socialization, within the above neuroanatomical framework, might be responsible for the reduction in feeding as well as body weight. andÀ1.40 mm with reference to bregma, respectively, according to Paxinos and Watson 31 from which the measurements were collated (square, not to scale). GH, group-housed; SI, socially isolated; 3 V, third ventricle; AHC, central part of the anterior hypothalamus; ARC, arcuate nucleus of hypothalamus; DMH, dorsomedial nucleus of hypothalamus; ir, immunoreactive; PaAP, anterior parvicellular part of the hypothalamic paraventricular nucleus; PeA, periventricular nucleus of the hypothalamus; PVN, paraventricular nucleus of hypothalamus; Rch, retrochiasmatic nucleus; VMH, ventromedial nucleus of hypothalamus; ox, optic chiasm. The bar values are shown as the mean ± s.e.m. of five measurements from predetermined fields of the PVN, ARC and PeA on both the sides of each brain. The data were analyzed by one-way ANOVA followed by post hoc Bonferroni's multiple comparison test. *Po0.05, **Po0.001 versus respective group-housed rats; # Po0.001 versus respective socially isolated rats.
KT Nakhate et al Some of the effects of the re-socialization were quite striking. A drastic reduction in food intake was observed particularly during the first 3 days following re-socialization. This may be due to the stress encountered in short-term immediately following re-socialization as indicated by increased plasma corticosterone contents. 12, 55 In this study, we observed that, re-socialization of 6 weeks isolation-reared rats transiently increased the plasma cortisol levels. We may recall that corticotropin-releasing factor system is rapidly stimulated following acute stress, 56 and that corticotropinreleasing factor increased the transcriptional activity of CART gene. 57 It seems that the development of short-term stress immediately following re-socialization might cause rebound activation of the CART system, which in turn produced a drastic reduction in food intake. Interestingly, attenuation of this effect by the CART antibody, further supports a role for endogenous CART in reducing food intake and body weight following re-socialization.
In conclusion, whereas CART reversed the effects of social isolation, CART antibody reversed the effects of re-socialization. These data strongly suggest that, increase in feeding and weight gain in rats following the social isolation might be attributed to reduced activity of CART. Thus, modulation of endogenous CART system could be a fruitful strategy to address the social isolation-related feeding disorders.
